Objective: To assess the performance of low BMI, and define optimal BMI cut-off values in order to detect fever-associated adult morbidity. Design: A cohort study of adults between 18 and 60 y in rural Vietnam, whose BMI and health status were assessed at baseline, and who were then monitored for illness events for 4 months. Nonparametric receiver operating characteristic (ROC) analysis was used to evaluate the performance of low BMI to detect the average number of restricted-days due to illness and to determine optimal cut-off values. Setting: A rural commune in the Red River Delta, northern Vietnam. Subjects: The study included 693 men and 739 women aged 18-60-y. Results: At baseline, 21% of the study participants had a BMIo18.5 kg/m 2 . As BMI progressively decreased, the percentage of participants experiencing morbidity with fever increased. The areas under the ROC curves for BMI were significantly greater than 0.5 for all levels of monthly average restricted-days of illness (MARDI) with fever, with best performance for 45 days/month. Excluding participants with acute or chronic disease at baseline improved the performance of BMI to detect MARDI with fever of 45 days (area under ROC curve 0.95; 95% CI 0.92, 0.99). With increasing levels of MARDI with fever, BMI cut-offs fell to 17.9 kg/m 2 when MARDI with fever was 45 days. Conclusions: The ROC analysis demonstrates that low BMI performs well as a risk indicator of MARDI with fever of 45 days with an optimal BMI cut-off value of 17.9 kg/m 2 .
Introduction
Body mass index (BMI) or weight/height 2 is widely used as an indicator of nutritional status in adults (WHO Expert Committee, 1995) . Body weight in adults is closely related to height, which is influenced by the individual's childhood health and nutrition experiences. BMI is a useful indicator for assessing adults who are underweight as it is highly correlated with weight but independent of height (Shetty & James, 1994) . Chronic energy deficiency (CED) in underweight adults is regarded as a steady state of low-energy intake, body weight, and body energy stores and limited physical activity (Shetty & James, 1994) . Definitions of CED in adults using BMI include: three levels of increasingly severe CED defined in terms of BMI and physical activity level as a measure of energy turnover (James et al, 1988) ; physical activity levels as a component of the definition of CED are no longer used as low levels of physical activity are common in developing countries and do not correlate with low levels of BMI (FerroLuzzi et al, 1992; James, 1994) . Reviews of adult CED in developing countries have found low BMI to be associated with higher rates of morbidity and mortality, lower work capacity and productivity, limited social activity and lower income (James, 1994; WHO Expert Committee, 1995) .
The selection of internationally accepted cut-off values for low BMI in adults was based on the distribution of BMI in 'normal', 'healthy', young, adult populations in developed countries (James et al, 1988) . The use of three grades of CED was based on a convention, which also described three levels for malnutrition in children and for obesity in adults (Shetty & James, 1994) . BMI can be used to target populations with nutritional inadequacy sufficient to cause ill health and an increased risk of morbidity. However, it is unclear if the internationally accepted low BMI cut-off values are appropriate for use in adult populations in developing countries to distinguish adults with increased functional risk of morbidity (Habicht & Stoltzfus, 1997) . The purpose of this study was to assess the performance of low BMI in a developing country as a risk indicator (Brownie et al, 1986 ) of feverassociated morbidity in adults and define optimal BMI cutoff values for detecting populations of adults with increased risk of fever-associated illnesses.
Subjects and methods

Study population
The study was conducted in five hamlets randomly selected from the 15 hamlets of Minh Quang, a typical rural commune, in Bavi District, about 80 km north-west of Hanoi, Vietnam. In each hamlet, all adults aged 18-60 y were assessed at baseline and illnesses were monitored for 4 months between March and August 2001 (Figure 1 ). Witnessed, verbal consent was obtained from study participants. The research protocol was reviewed and approved by the University of Newcastle, Human Research Ethics Committee, Newcastle, Australia as well as by the National Institute of Nutrition, Hanoi, Vietnam.
Measurements
Baseline survey and anthropometry assessment. At baseline, trained interviewers collected information from all consenting participants and households using structured, precoded questionnaires. Information included respondents' smoking and alcohol consumption and histories of common acute and chronic diseases. Standard anthropometric methods were used to measure weight and height (WHO Expert Committee, 1995) . A supervisor in the field regularly monitored the measurements and the standardization of instruments. Lightly clothed participants had their body weight measured using electronic scales (SECA 890, Australia) with a digital readout and precision to 0.1 kg. Body weight was recorded three times at 2-week intervals starting with the baseline survey. A fourth weight was recorded 4 months later at a follow-up visit. Because of a weight gain effect from the 'Tet' festival on the first-and second body weight measurement, the third baseline weight measurement was used in the analyses. An earlier measurement was used if the third weight measurement was missing. Height was measured twice over a 2-week period using a metallic ruler with precision to the nearest millimetre. The average of the two measurements was used in analyses. The BMI was calculated as weight/height 2 (kg/m 2 ).
Illness episodes follow-up survey. Information relating to disease episodes was collected during monthly home visits conducted in the 4 months of follow-up. To ensure that monthly morbidity recall was adequate for capturing morbidity events, special purpose calendars with lunar and Gregorian dates were distributed to the respondents to assist them record morbidity events and recall them when interviewed. If a respondent reported an illness during the Figure 1 Flow chart illustrating the sampling and participation of subjects in the study.
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TT Do et al month prior to interview, an additional questionnaire was administered to record the length of the episode, symptoms, and any health care services sought. Fever was based on selfreport and no body temperature measurements were recorded. Thus, there may have been some misclassification of the febrile morbidity events with nonfebrile morbidity.
The following definitions were used in the study to define different types of functional morbidity. Monthly average number of restricted-days of illness (MARDI): This was defined as a self-reported illness of at least 1 day's duration that caused the respondent to restrict their usual activities by staying at home or being hospitalized (World Bank Poverty Net, 2003) . This definition was similar to those used in earlier studies where the morbidity outcomes were an average number of days ill (Pryer, 1993) , the number of lost working-days (de Vasconcellos, 1994) , or the number of 'beddays equivalent' (Francois & James, 1994) . The MARDI reflects both the incidence and duration of restricted-day illness events and a MARDI of more than 5 days was arbitrarily regarded as a severe illness burden. Both the MARDI, and the MARDI with fever, were examined as outcomes in the analyses. The MARDI with fever was used as an indicator of infectious morbidity since thin adults were hypothesized to be more susceptible to infections (Francois & James, 1994; Shetty & James, 1994) . Acute illness at baseline: Any restricted days of illness lasting at least 1 day, which was reported at baseline, were regarded as an acute disease event.
Chronic diseases at baseline: During the baseline survey, all respondents were asked if a physician had previously diagnosed them as having one or more of a series of chronic illnesses or their associated symptoms. These illnesses included heart failure, high blood pressure, cerebrovascular disease, transient ischaemic attack, diabetes, tuberculosis, cirrhosis or other serious liver damage, asthma, chronic obstructive airways disease, upper gastrointestinal ulcers, kidney disease, rheumatoid arthritis, lupus erythematous, chronic dizziness, dementia, leukaemia and cancer. Malaria was not endemic in the district and was not included.
Smoking and alcohol use. Information about participants' current and past smoking status and alcohol consumption was collected during the health survey. The number of cigarettes smoked and the usual number of standard alcohol units consumed were used as indictors of these behaviours.
Statistical methods. Data were entered at the Commune Health Centre in Minh Quang using Microsoft s Access 97. Logical checks were carried out at data entry for each cluster in the follow-up cycle. Any inconsistencies were referred to the fieldworkers for correction. Data cleaning and statistical analyses were performed with STATA 7.0 (Stata Corporationt, 2001 ). P-values below 0.05 were considered significant. Descriptive analyses of the BMI distribution and characteristics of the study participants were tabulated.
Receiver operating characteristic (ROC) analysis was used to assess the performance of low BMI to detect increased risk of morbidity and determine optimal cut-off points. ROC plots were obtained by graphing the sensitivity values against 1-specificity for all available thresholds. ROC analysis, as described by Zweig and Campbell (1993) , was used to summarize the potential of BMI to discriminate between the presence and the absence of illnesses. The range of values 0.7-0.8 for the area under the ROC curve (AUC) was considered to represent reasonable diagnostic discrimination, and values 40.8 were considered to represent good diagnostic discrimination (Zweig and Campbell, 1993) . Because of this nonparametric and threshold independent approach, the sensitivity, specificity and AUC estimates were unbiased (Zweig and Campbell, 1993) . The ROC analysis was conducted on all survey participants, and was repeated after excluding participants who at baseline had acute disease, or who reported selected chronic diseases that may cause low BMI, and again after excluding both these conditions. A further ROC analysis of the performance of BMI was conducted excluding smokers and users of alcohol. The performance of BMI was also checked by the standardized difference as d/SD, where d is the absolute difference in mean BMI between the healthy and the unhealthy group and SD is the average of the standard deviation for both groups. The larger the standardized difference, the better is the discriminative performance of the BMI indicator (Brownie et al, 1986; Rice et al, 2000) .
To select cut-off values of BMI in order to detect adults with increased risk of fever-associated illnesses, the following terms and approaches suggested by Greiner (1996) were used: (a) A conventional theta-zero (y 0 ) cut-off was obtained when the test parameters, sensitivity and specificity, were equal as observed at the intersection point of the sensitivity and specificity graphs. This cut-off is widely accepted and can be applied to reduce overall uncertainty about the disease status especially in situations where misclassification costs are difficult to estimate or not important. (b) Intermediate ranges for the BMI cut-off values are a 'fuzzy zone' of cut-off values where the sensitivity or specificity is less than 90% (or another predefined level of accuracy) (Greiner, 1996) . The values outside the intermediate range refer to a clearly negative or positive range of BMI for indicting increased risk of restricted days of illness.
The BMI cut-off values were obtained by CMDT software (Jens & Greiner, 1999) . Unpaired ROC plots were compared using GraphROC for Windows version 2.0 (Veli & Allan, 1996) .
Results
Characteristics of study population As illustrated in Figure 1 , there were 1707 eligible participants (95% of the population in the sampled villages). Seven of the eligible participants did not consent to participate in the study. ). As the age of the participants decreased, there were a progressively higher proportion of eligible participants for whom baseline data was not available. The study participants were mainly farmers (91%). Characteristic of northern Vietnam the majority of this population had completed secondary education (78% men and 87% women) and only 1% were illiterate. Overall in the cohort the losses to follow-up were low. The percentage of consenting participants lost to followup was 1% for men and 3% for women. The higher proportion of women lost to follow-up was mainly due to new pregnancies.
Anthropometry assessment. The percentage of participants suffering with chronic energy deficiency, as defined by a BMI o18.5 kg/m 2 , was 20.7% and was similar for both sexes.
Based on World Health Organization (WHO) criteria, this prevalence of low BMI is regarded as high, and a serious public health problem (WHO Expert Committee, 1995) . The percentage of survey participants at baseline with CED level II, I, normal and overweight were respectively 3, 17, 73 and 6% and there were no gender differences. There were five participants with BMIo16.0 kg/m 2 (CED III) and two of these reported having chronic illness at baseline. A total of eight (1%) men and eight (1%) women with BMI Z25.0 kg/ m 2 (obese) were excluded from the ROC analyses to avoid any morbidity related to obesity. The mean BMI of study participants at baseline was similar by sex and age groups ( Table 1 ). The mean BMI after 4 months of follow-up was 19.9 kg/m 2 (95% CI 19.9, 20.1) for men and 20.0 kg/m 2 (95% CI 19.8, 20.1) for women, which was similar to the mean BMI at baseline.
Morbidity. At baseline, 381 (27%) participants reported having been diagnosed with at least one chronic disease. Approximately 10% more men than women reported having a chronic disease (Table 1) . Acute disease at baseline was observed in 195 (14%) participants of whom 67 (34%) reported being diagnosed with at least one chronic disease, approximately 8% more than in the group without acute disease. The main chronic diseases reported by the men at baseline were chronic obstructive airways disease (6%), upper gastrointestinal ulcers (5%), high blood pressure (4%), chronic dizziness (3%), coronary artery disease (2%), cirrhosis or liver disease (2%). The main chronic diseases reported by the women were chronic dizziness (7%), heart attack (6%), chronic obstructive airways disease (4%), upper MARDI with fever. Fever-associated morbidity experienced by the study participants, during the 4 months of follow-up, is summarized in Table 1 . Participants from older age groups reported more illness and both sexes in these age groups had a higher proportion of longer MARDI with fever. Overall, women reported 10% more acute illness but 10% less chronic diseases than the men. The participants had access to the local commune health service and 42% who reported morbidity with any symptom, and 40% who reported morbidity and fever, sought treatment. The percentage of participants reporting morbidity and fever who sought treatment was similar in those with BMIo18.5 kg/m 2 vs those with BMIZ18.5 kg/m 2 (47 vs 41%, respectively).
As illustrated in Figure 2 , for both men and women MARDI with fever increased as BMI decreased from 22 to 18 kg/m 2 , but not in those without fever. There was a similar tendency for MARDI with fever to increase as BMI decreased when participants with acute and chronic disease were excluded. It also appears that MARDI increased with BMI greater than 22 kg/m 2 . However, the number of cases was small (n ¼ 17) and the very wide confidence intervals limit the interpretation of this finding. At all levels of BMI the average number of restricted days of illness with fever was lower when participants with acute and chronic disease were excluded.
As seen in Figure 3 , there was a significant decrease in the percentage of participants experiencing any MARDI with fever as BMI levels increased (P ¼ 0.02, w 2 for trend Symptoms associated with restricted-days of illness. Fever, cough and headache were the most frequently reported symptoms associated with restricted-days of illness (Table 2) . No diarrhoea was reported during the follow-up period. The high percentage of restricted-days of illness with fever suggests that many of the illnesses associated with the restricted days were infections. The restricted-days of illness with fever, cough or headache were highest with BMIo18.5 kg/m 2 but also increased with BMIZ23 kg/m 2 . There was a similar though less marked pattern for restricteddays of illness with bone, joint and abdominal pain. There was no clear association with BMI levels for other symptoms associated with MARDI.
ROC analysis. Figure 4 shows that for participants without acute disease or chronic diseases at baseline, the areas under the ROC curves for BMI to predict morbidity were significantly different from 0.5 for most levels of MARDI with fever (thick line in upper graph). Similar patterns were obtained by plotting the standardized difference for each level of MARDI with fever. For MARDI with fever of o5 days, the lower limits of the 95% confidence intervals of the areas under the ROC curves intercepted the line of indifference at 40 days and at 44 days but otherwise remained close to 0.5, suggesting limited diagnostic performance of BMI in predicting these levels of morbidity with fever. However for MARDI with fever of 45 days, the diagnostic performance of BMI improved greatly. In comparison, the areas under the ROC curves for MARDI with any symptoms (lower graph) reveal a limited diagnostic performance of BMI with many of the lower 95% CIs intercepting the line of indifference. When all participants were included in the analysis, the performance of BMI was similar for MARDI with fever from 40 to 44 days although the lower limits of the 95% confidence intervals did not intersect with the line of indifference. Furthermore, the performance of BMI to detect MARDI with fever of 45 days declined but remained in the range of 0.75-0.79 (thin line upper graph). The maximum area under the ROC curve for MARDI 45 days with fever was 0.95 (95% CI 0.92, 0.99) when participants with acute or chronic disease at baseline were excluded. This area decreased to 0.90 (95% CI 0.87, 0.96) when participants with chronic disease at baseline were included in the analysis and dropped further to 0.78 (95% CI 0.68, 0.87) when all participants were included. These results indicate that acute disease at baseline greatly influenced the performance of BMI to predict future morbidity with fever.
The ability of BMI, when all participants were included in the analysis, to discriminate MARDI with fever of 45 days is shown in a series of ROC plots for both sexes combined and for men and women separately ( Figure 5 ). The ROC curves for men and women were not significantly different (P ¼ 0.22) although there was a tendency for BMI to perform better as an indicator of increased MARDI with fever in men than women.
BMI cut-offs. Results of the two different approaches for calculating BMI cut-offs for detecting morbidity with fever are presented in 
Discussion
The results of this study demonstrate that BMI can be used as an indicator to detect populations with increased risk of morbidity with fever. The diagnostic performance of BMI for both sexes greatly improved when detecting MARDI with fever of 45 days. The optimal BMI cut-off was found to be 17.9 kg/m 2 for MARDI with fever of 45 days and this BMI cut-off value increased as the MARDI with fever decreased. Four previous studies from the Philippines, Pakistan, Ghana and Kenya have examined the relationship between low BMI and morbidity (Garcia & Kennedy, 1994) . All these studies used a cross-sectional design to assess the relationship between low BMI and morbidity, in contrast to the prospective cohort design used in our study. Furthermore, none of these studies used ROC analysis to select the optimal cut-off values for BMI to detect morbidity among adults. Although these studies used a different design, the methods for assessing BMI and morbidity were similar to those used in this study, except that the recorded morbidity experience was retrospective to the assessment of BMI. Only the Philippines study reported a small association between low BMI and morbidity experience, although the authors recognized that the cross-sectional design did not allow these findings to be interpreted as demonstrating an impact of low BMI on morbidity because of the 'circularity' of causation between low BMI and morbidity. A further weakness in these studies was the lack of detailed information about the morbidity events and the associated symptoms experienced by the study participants. Our ROC analyses showed that using BMI to detect morbidity was only significant if there was associated fever and not for morbidity with any symptom (see Figure 3) . Since fever is an established indicator of infection, our findings suggest that low BMI predisposes adults to infectious illnesses.
In three other studies, a similar tendency of an inverse association between BMI and illness was considered evidence of the impact of low BMI on morbidity (Shetty & James, 1994) . For Bangladeshi fathers with BMI between 16.0 and Figure 5 Receiver operating characteristic curves of BMI as an indicator of risk of monthly average restricted-days of illness with fever of 45 days duration by males and females. The P value of the unpaired comparison between the ROC curves for males vs females was 0.22. 17.0, the relative risk of being 'incapacitated from work' for one or more days during the month prior to BMI assessment was 3.8 times higher than fathers with BMI above 18.5, and for those with BMI between 17.0 and 18.5 the relative risk was 1.8 (Pryer, 1993) . Similarly, the 'equivalent days confined to bed' per year dramatically increased from 10 to 40 days among Rwandan women when BMI fell below 17.6 kg/m 2 (Francois, 1994) . The percentage of Brazilian women spending 41 day in bed with illness increased from 5 to 12.5% when BMI fell below 17.0 kg/m 2 (de Vasconcellos, 1994) . It is difficult to interpret these cross-sectional studies because of the potential two-way relationship between low BMI and morbidity, and the difficulty of identifying whether low BMI or morbidity was the exposure factor. Also, there may be misclassification in the measurement of morbidity. For example, in the Bangladeshi study, the men 'incapacitated for work' may have reflected a decreased demand for malnourished workers in the labour market. Our study found that low BMI predicted future morbidity but it was also associated with higher levels of preceding morbidity. For example, the percentage of participants with Z1 restricted day of illness during the month prior to BMI assessment at the end of the study increased from 12% (95% CI: 10%, 14%) to 29% (95% CI: 18%, 43%) when the BMI fell below 18.5 kg/m 2 .
Different approaches have been used to determine cut-off values for low BMI. In a systematic analysis, James and Francois argued that the BMI cut-off point of o18.5 kg/m 2 in men and women must be seen as the result of a series of compromises (for example, single cut-off values for both sexes) although it accorded with the expected third percentile for a population of men with a median BMI of 23.0 kg/m 2 and a population of women with a median BMI of 24.0 kg/ m 2 (James & Francois, 1984) . A study using a normative method applied to BMI data from British army recruits where the cut-off value was based on the mean BMI minus two standard deviations, reported a cut-off value for low BMI for men and women as 18.5 and 17.6 kg/m 2 , respectively (James et al, 1988) . A similar approach was used with BMI data from affluent Indian children (Naidu & Rao, 1994) . In these studies, morbidity and smoking status at the time of BMI assessment were not considered.
When using a normative approach to determine BMI cutoff values, the choice of reference population is critical and the appropriateness of use of a population of adults who were in general active, eating a balanced diet, not experiencing infectious or chronic diseases or food shortages may be questionable (WHO Expert Committee, 1995) . Moreover, this arbitrary method only takes account of specificity of the indicator and disregards sensitivity (WHO Expert Committee, 1995) . (Greiner, 1996) . c 95% CI calculated using bootstrapping (Greiner, 1996) . d The intersection point of two graphs where sensitivity equals specificity using non-parametric method (Greiner, 1996) .
The cut-off point for low BMI of 18.5 kg/m 2 has been examined by correlation analysis in relation to presence or absence of symptoms, restricted days, or disease in many studies (de Vasconcellos, 1994; Garcia & Kennedy, 1994; Pryer, 1993; Strickland & Ulijaszek, 1994) but was only significant in a single study of Pakistani men. Although correlation analysis is a useful technique to identify potential associations, it does not necessarily imply causation. Our study was distinct from previous studies because of its cohort design whereby the association was assessed using a baseline measurement of BMI to predict or identify postassessment morbidity. With a MARDI of 45 days, the area under the ROC curve greatly increased when acute and/ or chronic diseases at baseline were excluded in the analysis of the performance of BMI to detect morbidity with fever. This improvement in performance was achieved mainly by excluding participants with acute disease at baseline, and was most probably due to misclassification of BMI status from temporary weight loss associated with the acute disease. There were three unexpected results from the study. The first was the sudden decline of BMI cut-off values and rapid increase of area under the curves in the ROC analysis for MARDI with fever 45 days. This may be due to the greater inherent misclassification of shorter, less-severe morbidity events, or an effect of rounding numbers of restricted-days of illness by the respondents. The second unexpected finding was the stability in the sensitivity for BMI cut-offs to detect different durations of MARDI with fever. Our hypothesis is that the number of participants in the group with MARDI of 41 day was much smaller than the group with MARDI of r1 day and therefore, the BMI distribution did not change much with each change in the level of MARDI. The third unexpected finding was the lower standardized prevalence of CED in our study population in comparison to that reported in the Vietnam National Nutritional Survey of 1989 -1992 (Giay & Khoi, 1994 . The standardized prevalence of CED in our study population was 21 and 22%, respectively, for women and men, in comparison to 31 and 28%, respectively, in the 1989-1992 national survey. The limited geographic area from which our sample was selected might explain these differences or they may have resulted from a secular trend toward improved adult nutritional status in Vietnam over the decade of the 1990s.
There were several design limitations in our study that should be considered when interpreting the findings. A key issue for studies of the performance of nutritional status indicators is the 'gold standard' used to determine true disease status (Begg, 1991; WHO Expert Committee, 1995) . The self-reported illness events used in our analysis may be a source of bias. For example, the men in our study reported fewer illness events and lower MARDI than the women. This may be due to gender differences in perception of illness sufficient to restrict activity, or social roles and the ease with which activities can be restricted by illness, or differences in recalling illness events. Gender differences in reporting illness may account for the differences in the performance of BMI to detect morbidity with fever by sex. The use of specially designed calendars to assist the recall of respondents may have limited these biases in reporting of morbidity.
Another limitation was the use of self-report rather than body temperature to assess fever. Self-reported fever is likely to have led to over-reporting of morbidity with fever, and use of body temperature measurements may have resulted in an improved performance of BMI to detect shorter average durations of morbidity with fever. The use of selfreported chronic disease, even where a medical practitioner confirmed the diagnosis, might also have resulted in underreporting of chronic diseases. It is difficult to overcome these problems in a population with restricted access to medical care. However, in interpreting our study the exclusion of participants who were identified with chronic illness was associated with improved performance of low BMI to detect future morbidity. Also, as participants were only followed for 4 months seasonal variations in morbidity would have been missed.
In summary, our ROC analysis demonstrates that in adults living in rural Vietnam, BMI is an effective risk indicator of increased average monthly restricted days of illness with fever, especially for when 45 days per month. The optimal BMI cut-off for this study population was 17.9 kg/m 2 although our findings indicate that the widely accepted BMI cut-off value of o18.5 kg/m 2 does detect increased risk of morbidity with fever with a true positive rate independent of MARDI levels of 82%. Further studies with larger sample sizes and populations with different morbidity patterns are needed to confirm the optimal cut-off for low BMI.
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